Solid solution behavior in the LiFePO 4 -FePO 4 system was investigated using xray powder diffraction. A substantial dependence upon crystal size and morphology was 
Introduction
Lithium iron phosphate, LiFePO 4 , with a phospho-olivine structure has become an important cathode material for rechargeable lithium batteries. Because it is made from abundant and inexpensive elements, is environmentally friendly, and has excellent thermal stability, it is expected that it will be used in large-scale battery applications. The theoretical capacity of 170 mAh/g can be utilized with a nearly flat cell voltage of about 3.4 V vs. Li + /Li. The reaction proceeds via a first order phase transition in which LiFePO 4 is converted to FePO 4 .
1 As both LiFePO 4 and FePO 4 have poor electronic and ionic conductivities, 2-3 the existence of room temperature solid solution phases with small Li nonstoichiometry during the phase transition has been proposed to explain the surprisingly facile reaction. [4] [5] Yamada et al. 6 recently reported the detection of mixedvalent intermediate phases, Li α FePO 4 (0 < α < 0.05) and Li 1-β FePO 4 (0.89 < 1 -β < 1), outside the room temperature miscibility gap, and proposed that improvements in rate capability could be achieved by increasing α and/or 1 -β. Isolation and characterization of the pure ambient temperature solid solutions has not yet been achieved.
The transformation of two-phase mixtures of LiFePO 4 and FePO 4 to single-phase Li x FePO 4 solid solutions at elevated temperatures was recently reported by Delacourt et al. [7] [8] and by Dodd et al. [9] [10] Although the phase diagrams from these two studies differ in some details, they establish the existence of solid solution phases at all values of x, that with x ≈ 0.6 being stable at the lowest temperature (150-200° C) and appearing as an intermediate during cooling. Refinement of room temperature diffraction patterns of quenched samples containing this phase shows that it is disordered, with shorter average Fe-O bonds and longer average M1-O lengths (M1 refers to Li when present and to the center of the Li site when it is vacant). 8 We recently studied the LiFePO 4 /FePO 4 phase transition mechanism in hydrothermally synthesized crystals with a characteristic shape and uniform size distribution. 11 The use of such high quality crystals allows us to study the behavior of the material at the crystallite level. When chemical agents are used to extract or insert lithium, the composition is relatively uniform among particles as compared to that of agglomerated materials with a wide crystallite size distribution. We report here an investigation of solid solution formation upon heating and phase separation upon cooling of partially delithiated crystals.
Experimental

Hydrothermal Synthesis
Discrete LiFePO 4 crystals with a uniform size distribution were synthesized by using the hydrothermal method described by Yang et al. 12 FeSO 4 (99%, Aldrich) and H 3 PO 4 (85%, J. T. Baker) were mixed in deoxygenated and deionized water, and LiOH (Spectrum) solution was added slowly to the mixture to give an overall Fe: P: Li ratio of 1: 1: 3. After stirring under nitrogen for about 5 min, the reaction mixture was transferred to a Parr reactor, which was purged by nitrogen and heated at 220 o C for 3 h. On cooling to room temperature, the off-white precipitate was filtered, thoroughly washed with deionized water, and dried at 60 o C under vacuum for 24 h. Delithiated crystals were obtained by stirring the LiFePO 4 in a solution of bromine in acetonitrile for 1 h, with the molar ratio adjusted to achieve the desired stoichiometry.
X-ray Diffraction
X-ray diffraction (XRD) patterns were acquired in reflection mode using a Panalytical Xpert Pro diffractometer equipped with monochromatized Cu Kα radiation.
The scan rate was 0.0025°/s from 10° to 70° 2θ in 0.01° steps. The phase ratio in x LiFePO 4 /(1-x) FePO 4 two-phase mixtures was determined from XRD data using Riqas
Rietveld refinement software (MDI). Temperature-controlled XRD studies were performed under Argon on the same diffractometer equipped with an Anton Parr HTK 1200 hot stage. The samples were heated at a rate of 5 o C/min, and XRD patterns were recorded after holding at each temperature for 1h, using a scan rate of 0.006°/s and a step size of 0.05°. The same procedure was used during the cooling process. Two-phase xLiFePO 4 /(1-x)FePO 4 samples were also subjected to the same heating and cooling steps in a tube furnace under flowing argon, then studied at room temperature. Rietveld refinement of the XRD data was used to determine the phase-composition of the samples, as well as the crystallographic parameters of the obtained phases.
Transmission electron microscopy
Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) experiments were carried out at the National Center for Electron Microscopy (NCEM) at LBNL, using a Philips CM200 field emission microscope operating at 200 kV. Samples for TEM were gently ground to decrease the size of the crystals, and then dispersed in ethanol. The resulting dispersion was transferred to a holey carbon film fixed on a 3 mm copper grid. Electron diffraction patterns were collected using the selected area electron diffraction (SAED) technique.
Fourier transforms of the HRTEM images were carried out by using DigitalMicrography TM software (Gatan Inc., v 3.3.1).
Results and Discussion
XRD phase analysis
Rietveld In contrast, Li 0.60 FePO 4 is quite stable in our cooled crystals, even after 5 months (Fig. 4) .
Neither very slow cooling nor long-term annealing at 150 °C were found to stimulate further phase separation.
We attempted to obtain a phase pure room temperature Such multiphase separation also occurred when the larger crystals were ground prior to delithiation and heating, whereas it did not take place in a sample ground after delithiation, heating and cooling. Thus, the cumulative strain energy at the Li 0.60 FePO 4 /LiFePO 4 phase boundary may contribute to the stabilization of the metastable solid solution phase during cooling. Yamada et al. 6 reported that formation of room temperature solid solution phases was somewhat suppressed in larger particles.
The linewidths of the XRD peaks attributed to Li 0.60 FePO 4 at both high and low temperatures are similar to those of the end members in the starting materials. Aside from shifts due to thermal expansion, no significant differences were found between the high and low temperature XRD patterns of Li 0.60 FePO 4 . Attempts refine atom positions using the space group Pnma, however, led to some unreasonable bond distances due to the presence of a two very different Fe ions. Although no superlattice reflections were detected by powder XRD, some additional spots were observed in SAED patterns.
Conclusions
Two metastable solid solution phases were shown to persist in highly crystalline 
